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In two-dimensional electron systems confined to wide GaAs quantum wells we observe a remark¬ 
able sequence of transitions of the fractional quantum Hall states in the filling factor range 1 < v < 3 
near the crossing of two IV = 0 Landau levels from different subbands and with opposite spins. The 
transitions attest to the interplay between the spin and subband degrees of freedom and can be ex¬ 
plained as pseudospin polarization transitions where the pseudospins are the two crossing levels. The 
magnetic field positions of the transitions yield a new and quantitative measure of the transition en¬ 
ergies or, equivalently, the composite Fermions’ discrete energy level separations. Surprisingly, these 
energies are much larger than those reported for other systems with SU(2) symmetry; moreover, 
they are larger when the electron system is less spin polarized. 


I. INTRODUCTION 

Fractional quantum Hall states (FQHSs) are the hall¬ 
marks of an interacting two-dimensional electron system 
(2DES) at large perpendicular magnetic field (B±) when 
a Landau level (LL) is partially occupied—^ Adding ex¬ 
tra electronic (pseudospin) degrees of freedom leads to 
additional sets of LLs which are separated by, e.g., the 
Zeeman energy ( Ez ), subband separation (A sas), or val¬ 
ley splitting energy (Ey), in systems with spin, subband, 
or valley degree of freedom, respectively. When two such 
LLs cross at a particular LL filling factor (i/), the QHS 
at that filling typically weakens or disappears.— In very 
high quality samples, however, if two N = 0 LLs cross, 
the 2DES can form two-component FQHSs where the 
components are the crossing LLs (the pseudospins), and 
exhibit pseudospin polarization transitions as one tunes 
the pseudospin energy splitting, or the separation be¬ 
tween the two LLs. Such transitions have been reported 
for 2DESs confined to AlAs quantum wells (QWs) where 
the energy separation between the two occupied valleys is 
tuned via the application of strain so that the two lowest 
(.N = 0) LLs of the two valleys cross—— Multi-component 
FQHSs and transitions between their pseudospin config¬ 
urations have also been studied in other 2DESs where 
two or more LLs with different spin or valley indices are 
close in energy—-LL 

Here we present a study of 2DESs confined to wide 
GaAs QWs where Ez and A sas are much smaller than 
the Coulomb energy at large Bj_. Thus the lowest four 
LLs - the SOf, SOt, AOt and A 0 | levels - are close in en¬ 
ergy so that, in principle, a full description of FQHSs 
would require the inclusion of all four LLs and using 
SU(4) symmetry (S and A refer to symmetric and anti¬ 
symmetric subbands, t and t refer to up- and down-spin; 
see Fig. 1(a)). Via applying either a parallel magnetic 
field component (B ||, see Fig. 1(b)), or changing the 
electron density in the QWj^ we reduce Asas and in¬ 
crease Ez, so that the S0t and AOt levels cross when 
Asas = Ez ; see Fig. 1(a). Near the crossing, we ob¬ 
serve a remarkable pattern of appearing and disappearing 


FQHSs in the filling range 1 < v < 3, revealing the for¬ 
mation of FQHSs with both spin and subband degrees of 
freedom simultaneously— 2 We can qualitatively describe 
the number of observed transitions and their positions 
in a simplified two-component picture with SU(2) sym¬ 
metry, where the two pseudospins are the SOt and AOt 
levels. However, our quantitative analysis reveals several 
puzzling features. We find that at a fixed v, the tran¬ 
sition energies are much larger than reported previously 
in systems with SU(2) symmetry where the two pseu¬ 
dospins are either spin or valley levels. Also, the tran¬ 
sition energies are about twice larger when the 2DES is 
less spin-polarized. We discuss possible origins of these 
unexpected features. 


II. METHOD 

Our sample, grown by molecular beam epitaxy, is a 
65-nm-wide GaAs QW bounded on each side by undoped 
Alo. 24 Gao. 76 As spacer layers and Si 5-doped layers. We 
use a 4 x 4 mm 2 square piece with alloyed InSn contacts 
at four corners, and an evaporated Ti/Au front-gate and 
an In back-gate to change the 2DES density (n) while 
keeping the charge distribution symmetric [Fig. 1(b)]. 
We measure the transport coefficients in a dilution re¬ 
frigerator with base temperature T « 30 mK, using low- 
frequency (< 30 Hz) lock-in technique and a rotatable 
sample platform to induce B\\. At Bo = 0, the Fourier 
transform of the Shubnikov-de Haas oscillations exhibits 
two peaks that correspond to the electron densities in 
the two subbands. The difference between these densi¬ 
ties yields A sas which is in excellent agreement with the 
results of our B = 0 self-consistent calculations. To cal¬ 
culate As as at finite B\\ and B± [Fig. 1(a)], we employ 
a perturbative simulation introduced in Ref. [20J, where 
we assume B\\ only mixes LLs from different subbands 
but does not change the QW potential. 
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FIG. 1. (color online) (a) Relevant energy levels for n = 2.12 x 10 11 cm~ 2 electrons confined to a 65-nm-wide GaAs QW near 
filling factor v = 2, calculated as a function of parallel magnetic field (B||). (b) Charge distribution (red curve) and potential 
(black curve) calculated via solving Poisson-Schrodinger equations self-consistently at B = 0. The experimental geometry and 
the tilt angle 6 are also shown, (c)-(e) Waterfall plots of R xx vs B±, measured at the indicated temperatures and different 6. 
Each trace is shifted vertically. The observed FQHS transitions are marked by the black arrows. 


III. EXPERIMENTAL RESULTS 

Figure 1 (c) shows the longitudinal magnetoresistance 
(Rxx) traces for 1 < v < 3, measured at n = 2.12 x 10 11 
cm -2 , T ~ 135 mK, and different tilt angles (9). As 
we increase 9, the v = 2 R xx plateau narrows near 
9 ~ 37° and then widens again at larger 9. The re¬ 
duction of the R xx plateau width signals a weaken¬ 
ing of the integer QHS, which is widely used to iden¬ 
tify LL crossings in high quality 2DESs and at low 
temperaturesi 3 i 21 i 22 This weakening, but not disappear¬ 
ing, is similar to what is seen at certain LL crossings at 
other integral u when interaction preserves the energy 
gap through QHS ferromagnetism! 3 ' 23 ! 24 In our samples, 
A sas is larger than Ez at B\\ = 0. As we increase B\\, 
A sas decreases and Ez increases, so that the SO/. and 
A0| levels cross when A sas — Ez In Fig. 1(a), we 
show the calculated energies of the four N = 0 LLs rela¬ 
tive to the S0| l eve l as a function of B\\ at v = 2.— We 
use a three-fold enhanced Ez to match the experimental 
observation that the v — 2 crossing occurs near 9 ~ 37° 
(5|| ~ 3.5 T). This enhancement of Ez is not surprising 


and has also been reported in previous studies ^ i 17 i 21 i 22 

More interestingly, near 9 ~ 37°, the FQHSs on both 
sides of v = 2 show a rich series of transitions, as marked 
with arrows in Figs. 1(c)- (e)^ The v = 4/3 FQHS is 
strong at both small and large 9 , but becomes weak at 
9 ~ 30° [Figs. 1(c) and (e)]. The v = 8/3 FQHS also 
experiences one transition, at 9 ~ 45° [Figs. 1(c) and 
(d)]. Meanwhile, the v = 5/3 and 7/3 FQHSs become 
weak twice: at 9 ~ 30° and 40° for v = 5/3, and at 9 ~ 
37° and 45° for v = 7/3. Data taken at lower T ~ 65 mK, 
shown in Figs. 1(d) and (e), reveal a more remarkable 
pattern of higher-order FQHS transitions. On the left 
side of v = 2 [Fig. 1(d)], the v = 13/5 FQHS weakens 
twice at 9 ~ 40.5° and 46.1°. The v = 12/5 FQHS, on 
the other hand, becomes weak three times, at 9 cz 36.9°, 
42.4° and 46.1°. On the high-field side of v = 2, as 
seen in Fig. 1(e), the zx = 7/5 FQHS weakens twice, 
at 9 ~ 27.5° and 35°, and the v = 8/5 FQHS thrice, 
at 9 ~ 27.5°, 36.2° and 39.4°. We also observe in Fig. 
2(e) three transitions at v = 10/7 and four transitions at 
v = 11/7J£ We summarize in Fig. 2(a) the values of B\\ 
and B± for all the observed transitions. 
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FIG. 2. (color online) (a) Summary of B\\ and B± where 
pseudospin transitions are seen in Fig. 1. The dashed 
line represenst zero pseudospin splitting A = 0 (see text). 
A = As as — Ez is positive in the green region, and becomes 
negative in the yellow region. Typical error bars are shown for 
the q/3 FQHS transitions, (b) Schematic depiction of the CF 
A-level energies in a simplified two-pseudospin picture. The 
dashed black and solid red lines represent the CF A-levels 
with up- and down-pseudospins (the electron SO), and AOt 
levels). Each configuration is labeled with its pseudospin A- 
level filling factors (zzcFt, z'cfj.), where t and ), stand for the 
up- and down-pseudospins. 


IV. DISCUSSION 

The fact that all these transtions occur near the 
crossing of the SO), and AOt levels when A sas — Ez 
suggests that these are FQHS pseudospin polarization 
transitions— Such transitions can be readily understood 
in the framework of composite Fermions (CFs), quasi¬ 
particles formed by attaching two flux quanta to each 
electrom 2 i 27 i 28 The CFs form their own discrete en¬ 
ergy levels, the so-called A-levels which are separated 
by the CF cyclotron energy ?zwcf, and the FQHS at 
v = z/cf/(2^cf + 1) is the integer QHS of CFs with inte¬ 
gral A-level filling factor vcf- Since the other two energy 
levels, SOt an d AOt, are reasonably far in energy and are 
always full or empty,— we neglect them and interpret our 
data in a simple (SU(2)) picture where the two crossing 
levels, S0| and A0|, are the two pseudospins— The pseu¬ 
dospin splitting energy A = A sas ~ Ez is then tuned 
from positive to negative via applying B\\ [Figs. 1(a) and 
2(b)]. As discussed below, this simplified two-pseudospin 
model qualitatively explains our data. 


In this model, the FQHS at v = 4/3 has only one oc¬ 
cupied A level (i/cf = 1)— It therefore has two possible 
configurations with the A-level filling factors of the up- 
and down-pseudospin CFs being (z/cFf) ^CFj.) = (1,0) or 
(0,1), and should exhibit one transition at A = 0 [see 
Fig. 2(b)], consistent with Fig. 2(a) data. The FQHS at 
v = 7/5, on the other hand, has two filled A-levels (z'cf = 
2), three pseudospin configurations [(z^cfj., ^cfj.) = (2,0), 
(1,1) and (0,2)], and two transitions when A = ±/kucF 
[Fig. 2(b)], also in agreement with Fig. 2(a) data. Using 
similar logic, we can explain the three transitions ob¬ 
served for the v = 10/7 FQHS which has vq f = 3 and 
four configurations [Fig. 2(b)]. By invoking particle- 
hole symmetry, which links the FQHSs at v to (4 — v) in 
our system (e.g., 4/3 to 8/3), and also utilizing negative 
CF fillings, e.g., z^cf = —2 for the v = 5/3 state, we 
can explain all the transitions summarized in Fig. 2(a). 
In general, a FQHS with vcf has | z^cf | + 1 pseudospin 
configurations, and |z^cf | pseudospin polarization transi¬ 
tions which occur whenever |A| equals a multiple integer 
of Tz-wcf [see Fig. 2(b)]. 

Next we proceed to a quantitative analysis of Fig. 2(a) 
data. Figure 2(b) implies that, when z/qf is odd, one 
transition occurs exactly at A = 0 . In Fig. 2(a), we 
first fit the dashed line through these transition points. 
We then focus on a particular z/, e.g. 8/5, and calculate 
A sas as a function of B\\ at this filling, as shown in Fig. 
3(a). Using the value of B\\ at which the A = 0 transi¬ 
tion for v = 8/5 occurs (5|| = 3.96 T), we determine a 
value for g* (~ —1.34) so that A sas = Ez at B^ = 3.96 
T. We then plot Ez (= at u = 8/5 as a function 

of B || in Fig. 3(a), and determine A for the other two 
8/5 transitions. (See Fig. 3(b) for the four pseudospin 
configurations of the v = 8/5 FQHS.) Since these transi¬ 
tions are expected to occur when A = ±2?Iu;cf [see Fig. 
2(b)], we find Hojcf = 5.5 K for A > 0 and Hlocf = 2.5 K 
for A < 0. Using this procedure we can deduce ?Iu;cf for 
FQHSs at v = 8/5, 12/5, and 10/7 which have a A = 0 
transition on the dashed line in Fig. 3(a). For the FQHSs 
at v = 13/5, 7/3, 5/3 and 7/5, we assume A = 0 at the 
intersection of the dashed line and the vertical lines that 
mark these fillings in Fig. 3(a) and, following a similar 
procedure, find Hujcf from the transitions’ B\\ values. 

In Fig. 3(c) we plot as a function of 1/(2zzcf + 1) all 
the deduced values of Tiui cf, normalized to the Coulomb 
energy (Vc = e 2 /47r els, where Ib = y/h/eB± is the mag¬ 
netic length and e is the dielectric constant), for different 
FQHSs. Figure 3(c) data allow us to make a quanti¬ 
tative comparison of the deduced Tiui cf /Vc to previous 
experimental reports. The dashed lines in Fig. 3(c) rep¬ 
resent Tiio cf /Vc, measured near v = 1/2 and 3/2, from 
FQHS spin transitions in QWs with same well-width (65 
nm) but much lower density where the SOt and SO), lev¬ 
els are closer in energy and the AOt level is well above 
SOt - 13 ' 18119 Figure 3(c) plot clearly shows that our mea¬ 
sured hu) cf/V c is much larger than the dashed lines. 

It is possible that the transition energies we deduce are 
somewhat exaggerated because of the inaccuracy of the 
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FIG. 3. (color online) (a) Calculated Asas and Ez as a func¬ 
tion of B || at v = 8/5. (b) A-level diagram showing the four 
different pseudospin configurations for v = 8/5 (^cf = —3) 
in our two-component picture. The pseudospin polarization 
transitions are expected when A = 0, ±2Tuj0cf [see Fig. 2(b)). 
(c) The A-level separation in units of Vc = e 2 /(47r els) as a 
function of 1/(2i/cf + 1), deduced from A at which the FQHS 
transitions are observed in Fig. 2(a). Data are shown for both 
1 < v < 2 (black) and 2 < v < 3 (red). The dashed lines rep¬ 
resent data for 2DESs with only spin degree of freedom^; 
results from transitions near v = 1/2 and 3/2 are shown in 
the A < 0 and A > 0 regions, respectively. 


perturbative calculations we use to determine the in¬ 
dependence of As as- To test this possibility, we made 
measurements on another QW with slightly narrower well 
width (55 nm)^ In this sample, we induce the crossing 
of the S0| and AOf levels via applying B\\ and also by 
tuning n at B\\ =0. The hu cf deduced from the tilt¬ 
ing data matches Fig. 3 data, but the n-tuning results 
are somewhat smaller^ suggesting the inaccuracy of our 
perturbative calculations^ However, we emphasize that 
even the n-tuning data which do not rely on calculations 
of Asas, yield Tlojcf/Vc values that are about a fac¬ 


tor of two larger than the dashed lines in Fig. 3(c) We 
therefore conclude that Tujjcf in our 2DES with both spin 
and subband degrees of freedom is larger than in a 2DES 
with only spin degree of freedom. The reason for this 
is not entirely clear. Perhaps the nature of pseudospins 
plays a role in determining the polarization energies and 
Tlujcf- It is also possible that in our system the close 
proximity of the other two LLs (SOt and AOj.; see Fig. 
1(a)) is important. Both of these interesting possibilities 
deserve further theoretical examination. 

We highlight two additional noteworthy features of 
Fig. 3(c). First, the results for 1 < v < 2 approximately 
match those for 2 < v < 3, suggesting that Tiucf does not 
depend on which LL (SOj. or AOt) hosts the CFs. Second, 
in our 2DES we tune the crossing of two N = 0 LLs with 
opposite spins while a lower level (SOf) is fully occupied. 
This allows us to observe FQHS pseudospin transitions 
at a given v for both A < 0 and A > 0, when the net 
spin orientation of the CFs is aligned or anti-aligned with 
the spin (t) of majority electrons, respectively. Data of 
Fig. 3(c) indicate that Hujcf/Vc is about twice larger for 
the case A > 0 compared to the A < 0 case. This is an 
important observation as it sheds light on the mysteri¬ 
ous asymmetry between Hujcf/Vc for CFs near v = 3/2 
and 1/2, deduced from CF spin-polarization transitions 
in GaAs 2DESs^ or CF valley-polarization transitions in 
AlAs 2DESs£ In those 2DESs the polarization transition 
energies of FQHSs near 3/2, where electrons are partially 
spin- (or valley-) polarized, are much larger than those 
near 1/2 where they are fully polarized^d^ Our data, af¬ 
forded by the tunability of the subband/spin degrees of 
freedom, provide clear evidence that the spin polarization 
of the total electron system can affect the CF properties. 
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